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INTRODUCTION 


Ball  Indentation  tests  have  been  used  for  many  years  to  make  estimates  of 
the  strength  of  materials*  Perhaps  the  most  familiar  use  of  this  sort  is  the 
correlation  between  hardness  and  ultimate  tensile  strength  (ref  1) r  Cue  basis 
for  these  estimates  is  the  slip-line  field  analysis  of  the  classic  punch 
problem  (ref  2).  Although  slip-line  analysis  applies  strictly  to  rigid, 
perfectly  plastic  material,  it  gives  a  good  estimate  of  indentation  contact 
stresses  in  many  structural  materials,  particularly  those  with  low  rates  of 
strain-hardening.  Using  results  of  slip-line  analysis  and  hardness  test 
results,  procedures  have  been  developed  for  estimating  the  yield  strength  of 
steels  with  strength  from  about  200  to  600  MPc  (ref  3).  More  recently,  Haggag 
and  Lucas  (ref  4)  described  procedures  for  estimating  the  key  parts  of  the 
stress  versus  strain  curve  of  SAE  1015  steels  based  on  ball  Indentation  tests. 
Ball  indentation  tests  have  also  been  used  as  an  indirect  measure  of  residual 
stress  (ref  S)  by  analysis  of  surface  displacements  around  the  indentation. 

The  central  idea  of  the  work  here  is  that  if  appropriate  loads  and 
displacements  are  measured  in  physical  and  numerical  experiments  of  ball 


^Metals  Handbook,  Taylor  Lyman,  Ed.,  The  American  Society  for  Metals,  1948, 
pp.  93-105. 

^R.  Hill,  The  Mathematical  Theory  of  Plasticity.  Oxford  University  Press, 
1950,  pp,  254-261. 

^R.  A.  George,  S.  Oinda,  A.  S.  Kasper,  ’’Estimating  Yield  Strength  From 
Hardness  Data,"  Metal  Progress.  May  1976,  pp.  30-35. 

^F.  M.  Haggag  and  G.  E.  Lucas,  "Determination  of  Luders  Strains  and  Flow 
Properties  in  Steels  Prom  Hardness/Microhardness  Tests,"  Metallurgical 
Transactions  A.  Vol.  14A,  1983,  pp.  1607-1613. 

^J.  H.  Underwood.  "Residual  Stress  Measurement  Using  Surface  Displacements 
Around  an  Indentation,"  Experimental  Mechanics.  Vol.  13,  No.  9.  1972.  pp. 
373-380. 
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Indeatatloa,  the  Interpreted  results  will  give  more  than  an  estimate  of 
strength.  Within  certain  ranges  of  material  properties  and  test  conditions, 
an  indentation  test  can  provide  an  accurate  measure  of  ultimate  tensile 
strength.  The  objective  Is  to  demonstrate  that  an  Indentation  test  of  1000  to 
1200  MPa  ultimate  strength  steel  can  be  accurate  enough,  In  some  cases,  to 
replace  the  conventional  tension  test.  The  general  approach  vas  to  perform 
conventional  tests  and  Indentation  tests,  to  model  and  analyze  the  Indentation 
tests,  and  to  directly  compare  the  resulting  measurements  of  ultimate 
strength. 

EXPERIMENTS 
Test  Procedures 

Figure  1  shows  a  sketch  of  the  indentation  test.  A  6.35  mm  diameter 
tungsten  carbide  ball  was  pressed  into  a  roughly  spherical  cavity  In  the  ball 
support  %fhlch  Is  attached  to  the  loading  head  of  a  universal  testing  machine. 
The  specimen  was  a  ground  surface  of  the  steel  being  tested.  A  displacement 
gage  of  the  type  used  in  fracture  toughness  testing  (ref  6),  commonly  called  a 
clip  gage,  was  used  to  measure  the  displacement  between  the  top  of  the  ball 
support  and  the  specimen  surface. 

Load  versus  Indentation  displacement  plots  for  two  of  the  conditions 
tested  are  shown  in  Figure  2  to  illustrate  the  general  nature  of  the 
experimental  results.  Specimen  185  has  the  highest  strength  of  the  materials 

^"Standard  Test  Method  for  Plane-Strain  Fracture  Toughness  of  Metallic 
Materials,"  E-399-83.  1984  Annual  Book  of  ASTM  Standards.  Vol.  03.01.  no. 
519-554. 
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tested  and  specimen  R2  has  the  lowest  strength.  Note  that,  although  there  is 
noticeable  nonlinearity  of  the  plot  at  low  loads,  the  plot  becomes 
considerably  more  linear  as  the  load  Is  Increased.  This  may  be  surprising, 
since  ball  Indentation  Is  a  doubly  nonlinear  process;  that  Is,  the  plastic 
deformation  of  the  specimen  Is  certainly  nonlinear,  as  Is  the  changing  contact 
area  feature  of  ball  Indentation.  It  will  be  shown  later  that  certain  aspects 
of  ball  indentation  geometry  combine  to  produce  an  approximately  linear  P 
versus  (-p  plot. 

In  early  Indentation  tests,  apparently  before  the  ball  was  fully  seated 
In  the  ball  support,  discontinuities  appeared  In  the  P  versus  6^  plot.  These 
discontinuities  were  attributed  to  the  ball  slipping  toward  the  bottom  of  the 
spherical  cavity  and  were  not  seen  again. 

The  conventional  tension  tests  were  performed  using  the  standard  A.STM 
method  (ref  7),  with  a  9.07  mm  diameter,  shouldered  end  specimen. 

Test  Conditions 

A  summary  of  the  material  properties,  specimens,  and  orientations 
Included  In  the  Investigation  Is  shown  In  Table  I.  Conventional  tension  and 
Indentation  tests  vere  performed  using  pieces  from  four  cylindrical  steel 
forgings.  The  pieces  used  for  tension  test  specimens  were  located  immediately 
adjacent  to  those  foi.  Indentation  tests.  The  forgings  were  made  from  ASTM 
A723  steel  and  varied  In  overall  diameter  from  about  200  to  300  mm.  The  yield 
strength,  ultimate  strength,  and  nominal  hardness  of  the  pieces  of  the 

^"Standard  Methods  of  Tension  Testing  of  Metallic  Materials,  E8-83,"  1984 
Annual  Book  of  ASTM  Standards.  Vol.  03.01,  pp.  130-150. 


TABLE  I.  SOME  TEST  CONDITIONS 


forgings  used  for  Che  ceecs  are  shoim  in  Table  I.  The  orientation  of  the 
tests,  shoim  In  upcoming  results  to  be  an  Important  variable.  Is  also 
Indicated.  The  indentation  tests  were  performed  In  three  orientations, 
circumferential  (C),  radial  (R),  and  longitudinal  (L),  as  shown  in  Figure  3. 
The  conventional  tension  tests  were  Che  circumferential  orientation. 

RESULTS  AND  ANALYSIS 

Contact  Stress  and  Displacements 

The  initial  results  and  preliminary  analysis  In  the  investigation  were 
measurement  of  contact  diameters  following  Indentation  and,  knowing  load, 
calculation  of  average  contact  stress;  see  Table  II.  Initial  indentations 
were  made  at  a  load  such  that  Che  contact  diameter  was  about  60  percent  of  Che 
ball  diameter,  d/D  ••  0.6.  The  average  contact  stress,  o,  was  calculated  from 
measured  load  and  contact  diameter  and  was  compared  with  the  ultimate 
strengths  of  the  materia,ls.  The  value  of  r,  defined  aa  o/ a^,  varied  from  3.3 
to  3.3.  Comparison  of  these  values  with  the  value  from  slip-line  field 
analysis  should  be  revealing.  Hill  (ref  2)  gives  the  contact  stress  of  a  flat 
punch  indentation  as: 

o  -  2Ty(l+Tr/2) 

where  is  the  shear  yield  strength.  Using  Che  von  Mlses'  yield  criterion, 

Oy  "  /3  Ty,  and  considering  Chat  yield  and  ultimate  strengths  are  equivalent 
with  regard  to  slip-line  analysis,  gives 

a  -  KOy  -  2.97  Oy  (1) 

^R.  Hill,  The  Mathematical  Theory  of  Plasticity,  Oxford  University  Press, 

1950,  pp.  2'57-?6t. 
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The  value  of  <  fr-m  Bq.  (1),  2«97,  is  lover  Chan  those  la  Table  II,  but  there 
are  differences  in  the  conditions  of  these  initial  experlmencs  and  the 
conditions  of  the  slip-line  analysis.  TWo  iaportant  differences  are  that  the 
experimental  indentor  is  not  flat  and  the  experimental  material  has  ultimate 
strengths  which  are  4  to  21  percent  above  the  yield  strengths.  Smaller 
contact  diameter  relative  to  ball  diameter,  d/D,  would  minimize  the  first 
difference  and  could  help  counteract  the  effects  of  the  second.  The  testing 
which  followed  the  initial  tests  of  Table  II  was  performed  with  smaller  values 
of  d/D. 

TABLE  II.  AVERAGE  BALL  CONTACT  STRESS  COMPARED  WITH  ULTIMATE  STRENGTH; 

From  Initial  Tests;  D  *  6.35  mm,  P  -  44.5  kN 


1  1 

1  1 

1  1 

1  Specimen  I 

1  1 

Contact  Diameter 
d/D 

"1 - - - 

1  Average  Contact 

1  Stress,  “a 

1  MPa 

1 

"1 - 

\  0/  ou  1 

1  <  i 

1  1 

1  1 

1  R1  1 

1  1 

0.608 

1 - 

1  3800 

1 

1  1 

1  3.31  1 

1  1 

1  R2  1 

1 

0.639 

1  3440 

1 

1  1 

1  3.46  1 

1  1 

1  R3  1 

1 

0.647 

1  3550 

1 

1  3.47  1 

1  1 

1  185  1 

J _ 

0.580 

1 

1  4180 

1  1 

1  3.30  1 

An  important  requirement  which  became  apparent  during  initial  tests  was 
the  need  for  an  indirect  measure  of  contact  diameter  using  a  oiore  practicable 
measurement,  such  as  indentation  displacement,  6^.  Direct,  continuous 
measurement  of  d  during  indentation  would  be  difficult,  and  measurements  of  d 
after  the  Indentation  can  be  Inaccurate  if  the  specimen  surface  Is  not 
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carafully  prepared.  An  Ideal  geometric  relation  between  d  and  6  can  be 

obtained;  see  Figure  4.  Using  trigonometry,  an  exact  relation  between  d  and 

6,  both  made  nondimenslonal  by  D  Is 

1  -  costslQ"^  d/D) 

6/D  ■  - 

2 

An  approximate  relation,  which  Is  simpler  to  use,  is 

6/D  -  C(d/D)2  -  0.255(d/D)^  (3) 

Table  III  compares  the  relations  and  shows  that  they  are,  for  most  practical 
purposes,  equivalent  up  to  d/D  of  about  0.4.  Equation  (3)  gives  the  reason 
for  the  generally  linear  P  versus  6^  plots  discussed  earlier  in  relation  to 
Figure  2.  Both  6  and  P  vary  with  d^,  so  they  vary  linearly  with  each  other. 


TABLE  111.  RELATIONS  BETWEEN  d/D  AND  6/D 


1 - 

1 

1  d/D 

1 

1 

1  -  cos [ sin" ^  d/D) 

I 

1 

6/D  -  C(d/D)2 

1 

1 

2 

1 

C  -  .255 

*r 

1 

1 

0 

! 

1 

1 

0 

I 

1  0 

1 

1 

1 

1 

1 

1 

O.l 

1 

1 

1 

0.0025 

1 

1  O.OOZ6 

1 

1 

1 

1 

1 

1 

0.2 

I 

1 

1 

0.0101 

1 

1  0.0102 

1 

1 

1 

1 

1 

1 

1 

0.3 

1 

1 

1 

0.0230 

1  0.0230 

1 

1 

1 

1 

1 

1, 

0.4 

1 

1 

J _ 

0.0417 

1  0.040B 

,-1 _ _ 

1 

1 

Equations  (2)  and  <3)  describe  ideal  indentation  displacements, 
unaffected  by  other  displacements  which  can  be  significant  in  an  actual 
experiment.  The  displacement  in  an  actual  Indentation  experiment  is  always 
some  sort  of  combined  or  total  displacement,  6^.  Figure  1  indicates  that  the 


displacement  of  the  ball  support  should  be  considered,  so  that  the  total 
displacement  Is 

•  d  +  fig  (4) 

where  dg  is  the  elastic  displacement  of  the  support 

I»c0y»d2/4)t 


In  which  i  ■  18  mm,  the  length  of  the  support,  A  Is  the  cross-sectional  area 
of  the  support,  and  E  Is  elastic  modulus.  The  bracketed  term  In  Eq.  (5)  Is  an 
estimate  of  load  carried  by  the  support,  as  measured  by  the  Indentation 
variables.  Combining  Eqs.  (3),  (4),  and  (5)  gives 

SlOKOy 

fi-r/D  -  {0.255  + - ]ld/D)2  (6) 

4A£ 

an  expression  which  -  relates  d  and  d,  including  both  the  Indentation  of  the 
specimen  and  the  displacement  of  the  ball  support.  The  expression  should  be 
useful  Cor  calculating  the  amount  of  extraneous  displacement  Included  In  a 
ball  Indentation  test  which  Is  performed  In  the  general  manner  shown  In  Figure 
1.  For  example.  In  the  case  here  with  i  ■  18  mm,  D  ■  6.35  mm,  k  ■  2.97, 
nominal  Oy  ■  1200  MPa,  A  ■  (19  mm)^x/4,  and  E  •  207,000  MPa,  the  quantity  d<j/D 
Is  ij/H  -  0.260(d/D)^,  about  two  percent  different  from  Eq.  (3). 

Another  displacement  which  could  conceivably  contribute  significantly  to 
the  total  displacement  is  displacement  of  the  ball.  However,  the  ball  Is  made 
of  tungsten  carbide,  a  high  strength  and  modulus  material,  and  Its  displace¬ 
ment  Is  expected  to  be  a  small  fraction  of  even  the  two  percent  effect 
described  by  the  difference  between  Eqs.  (5)  and  (6). 
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Finite  Bl«m«nt  Modal 


Finite  element  stress  anelysla  uas  performed  in  order  to  Identify 
critical  variables  in  the  indentation  process,  particularly  variables  which 
are  difficult  to  evaluate  in  physical  experiments,  such  as  friction  effects. 
The  analysis.  In  general,  was  an  elastic-plastic  extension  of  classic  Herts 
contact.  The  details  of  elastic-plastic  ball  indentation  are  quite  complex, 
since  they  Involve  an  increasing  contact  area,  two-body  geometry,  and 
nonlinear  elastic-plastic  material  properties.  In  this  problem  the  contact 
area  Is  not  known  a  priori,  and  the  solution  method  becomes  an  iterative 
process  to  find  a  result  which  produces  reasonable  contact  conditions. 

The  critical  location  at  which  proper  conditions  must  be  modeled  la  the 
point  of  last  contact,  point  k  in  Figure  1.  At  this  point,  a  reasonable 
solution  will  be  indicated  by  three  tests;  (1)  the  sign  of  the  contact  stress 
will  be  negative,  (2)  the  stress  at  point  A  will  be  zero,  and  (3)  the  deformed 
surface  will  be  smooth  with  an  inflection  point  at  A.  The  tests  are  not 
independent  and  the  first  two  are  generally  used  because  they  can  be 
demonstrated  by  simple  numerical  analysis.  The  best  condition  to  try  for  in 
finite  element  analysis  Is  where  the  point  of  last  contact.  A,  is  a  grid  point 
of  the  model,  and  the  zero  contact  stress  point  appears  at  A.  This  la  because 
of  the  basic  assumption  of  continuous  behavior  between  grid  points.  If  the 
point  of  the  last  contact  was  between  grid  points,  the  contact  force  would 
have  to  be  divided  between  the  two  grid  points  and  an  additional  force  would 
have  to  he  applied.  This  Is  cioc  ftci  0A8y  condldon  to  sIquXaccs 
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For  this  analysis  the  NASTEtAN  Blgld  Fomat  6,  Piecewise  Linear  Analysis 
was  used  (ref  8),  and  the  rigid  ball  was  analyzed  by  using  an  enforced 
deformation  Input*  This  capability  is  not  in  the  standard  version,  and  an 
alter  package  had  to  be  used  to  produce  solutions.  Four  hundred  and  fifty 
elements  were  used,  with  fifteen  along  the  radius  of  contact  between  ball  and 
specimen.  A  sixteen  piece  linear  approximation  of  the  stresses train  curve  of 
specimen  R1  was  used  as  material  properties  of  the  speci<nen.  Stepped 
constraint  was  used  to  simulate  a  rigid  ball,  a  procedure  valid  only  when  the 
ball  modulus  Is  large  relative  to  the  base  material.  The  materials  used  In 
the  experiments  have  an  elastic  modulus  ratio  greater  than  two.  In  addition, 
since  this  is  an  elastic-plastic  problem,  the  effective  modulus  ratio  at  load 
Is  much  hlfher. 

Two  methods  of  applying  the  stepped  constraint  were  attempted  In  this 
study.  In  the  first  method  a  constant  radius  Is  assumed  and  the  constraint 
set  is  expanded  to  Include  a  greater  number  of  grid  points  on  each  step.  This 
requires  that  two  NASTRAN  files  relating  to  constraints  be  generated  In  a 
previous  step  and  then  read  In  for  each  step  In  the  piecewise  linear  solution. 
The  second  method  applies  a  constraint  to  all  grid  points  on  the  desired 
contact  surface  from  the  first  piecewise  linear  step,  and  the  correct  ball 
radius  Is  achieved  only  on  the  last  step.  This  method  assmes  that  the  final 
resu'’.t  Is  not  path  dependent  or  the  path  dependence  is  small. 


^The  NAST^  Theoretical  Manual.  Level  17.5,  NASA  SP-22l(05),  National 
Aeronautics  and  Space  Administration,  December  1980,  Section  3.8. 


The  first  taethod  yielded  prelialnery  results  that  vere  irregular,  aad  the 
final  contact  stress  distribution  contained  unreasonable  variations  in  signs. 
This  was  attributed  to  the  fact  that  each  individual  step  was  not  a  correct 
solution,  and  the  resulting  stresses  cannot  be  extrapolated  to  the  next 
solution  or  suBuaed  to  the  correct  overall  solution.  The  second  method  was 
used  CO  obtain  the  final  resulta  presented  here.  It  yielded  smooth  contact 
stress  distributions  which  were  easily  Inspected  and  plotted  to  find  the 
correct  ball  movement.  However,  three  to  five  computer  runs  were  required  to 
produce  the  correct  solution  for  each  contact  radius  desired.  These  two 
methods  could  be  combined  to  generate  a  series  of  solutions  where  each 
solution  would  expand  the  size  of  the  contact  area  by  one  grid  point  and  use 
previous  solutions  as  the  step  to  get  to  that  solution.  This  is  i  long  and 
expensive  process  which  would  requite  a  very  large  axpenditute  of  computer 
time. 

Finite  Element  Results 

Two  solutions  of  ball  indentation  vere  obtained.  They  fora  the  upper  and 
lower  bounds  of  the  effect  of  friction,  zero  slip  with  coefficient  of 
friction,  w  ~  and  zero  function,  m  ~  0.  The  distributions  of  contact 
stress  versus  radial  position  trlthin  the  contact  area  are  shown  in  Figure  5. 
Both  distributions  are  generally  constant  at  about  5000  MPa  contact  stress 
and  they  go  to  zero  at  the  last  contact  point,  r/D  •  0.125,  as  required.  At 
the  center  of  the  contact  area,  r/D  *  0,  the  contact  stress  becomes  positive. 
This  indicates  that  contact  is  lost  on  a  small  area  at  the  center.  However, 
this  area  is  smaller  than  the  element  size  and  cannot  be  properly  modeled. 

The  distributions  also  have  two  odd  peaks  which  may  be  the  result  of  large 
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elements 


Values  of  average  contact  stress  from  the  two  solutions  are  shown  in 
Figure  5  along  with  values  from  an  experiment  and  the  slip-line  analysis.  The 
experimental  value  is  the  measured  indentation  load  divided  by  the  area  which 
Is  calculated  indirectly  from  measured  5  using  Eq.  (3).  The  value  from  slip- 
line  analysis  was  calculated  from  Eq.  (1)  using  o^  ■  1149  for  specimen  Rl, 
Table  I.  The  higher  a  value  for  the  zero  slip  model,  compared  with  zero 
friction,  is  believed  to  be  caused  by  the  tangential  stress  which  occurs  at 
the  ball-specimen  Interface  when  friction  is  present.  The  generally  higher 
contact  stresses  in  the  model,  compared  to  those  from  the  experiment  and 
slip- line  analysis,  may  be  due  to  too  large  an  element  size. 

Table  IV  lists  some  of  the  conditions  and  results  from  Figure  5  along 
with  others.  The  higher  a  values  from  the  model  are  associated  with  higher 
values  of  Indentation  displacement,  4,  as  would  be  expected.  Note  that  the  a 
values  from  experiment  increase  with  indentation  size,  d,  and  depth,  4,  and 
that  the  three  values  of  o  are  close  to  Chat  predicted  from  slip-line 
analysis.  The  best  agreement  between  o  from  experiment  and  slip-line  analysis 
was  for  d/D  of  0.40.  The  experimental  results  which  follow  were  obtained  with 
d/D  close  to  0.40. 
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TABLE  IV.  OOMt'A&ISON  OF  INDBNTATIOH  DISPLACEMENT  AND  CONTACT  STRESS 


- 1 - 

1  d/D 

1 

6/D 

o/Ou 

1 

Finite  Element  1 

U  -  1.0  1  0.25 

0.021 

3.98 

1 

W  -  •  1  0.25 

0.020 

3.74 

1 

Experiment  I  0.25 

O.OIG 

2.80 

1  0.40 

0.042 

2.97 

j  c  _ 

0.108 

3.39 

Sllp^line  Ansiysle  1 

0 

2.97 

Experijpental  RejiiltB 

Indentatioas  were  oade  la  a  ground,  flat  surface  of  each  of  the  materials 
aad  orleatatloos  listed  la  Table  I.  Load  and  displacement  were  measured,  and 
plots  were  recorded  as  Indicated  In  Figures  1  and  2.  Upon  Initial 
consideration  of  the  results,  a  method  for  analyzing  the  plots  was  selected 
which  used  the  slope  of  the  load  versus  dl  iplacement  plot  as  a  measure  of 
ultimate  strength.  The  slope  method  was  de /eloped  as  follows.  Using  Eq.  (1) 
and  the  load  divided  by  area  definition  of  o  gives 


0 


u 


4P 

ird^K 


Then,  defining  Oj  as  the  ultimate  strength  of  the  material  determined  from 
Indentation  and  using  Bq.  (3)  gives 


4CP 

<j.  ■  --- - 

*■  iiOicfi 


Finally,  for  a  linear  P-6  curve,  as  generally  observed,  the  result  is 

4C  dP 
«D»c  d6 


(7) 


Equation  (7)  was  used  to  calculate  o^,  a  aeasure  of  ultimate  strength 
determined  from  the  slope  of  the  P-6  curve  from  the  indentation  test.  For  the 
tests  and  analyses  described  here,  that  Is,  C  ■  0.255,  D  ■  6.35  mm,  and  k  ■ 
2.97,  the  value  for  a  flat  Indentation  In  rlgld-plastlc  material,  Eq.  (7) 
becomes 

dP 

^  d6 

In  vhich  has  units  of  MPa  when  dP/do  has  units  of  MN/m.  Ultimate  strength 
Is  the  product  of  this  constant  and  the  slope  of  the  curve  at  some  appropriate 
point.  Two  points  on  the  curve  were  Investigated,  a  constant  displacement,  6 
m  0,25  mm,  and  a  constant  load,  P  *■  3.5  kN.  Note  from  Figure  2  that  these 
points  are  generally  near  the  upper  end  of  the  P-6  plot.  This  avoids  any 
problems  which  might  arise  due  to  the  effect  of  slight  Irregularities  in  the 
ground  specimen  surface  on  the  measured  slope.  In  the  results  that  follow, 
slopes  were  measured  manually  with  no  dlfflculcy.  Measurement  of  slopes  by 
computer  also  could  be  done. 

Figures  6,  7,  and  8  are  plots  of  o^,  ultimate  strength  determined  from 
Indentation  tests,  versus  strength  from  conventional  tension  tests.  Values  of 
from  each  of  two  Indentations  are  plotted  versus  the  average  or  Oy  from 
chat  material.  A  line  with  slope  equal  to  1.0  would  indicate  that  ig  an 
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•xact  measure  of  a^  or  Oy 

Figure  6  shove  plots  of  versus  o^  and  o^  versus  Oy,  the  0.1  percent 
offset  yield  strength,  with  all  measurements  In  the  C  orientation  and  dP/d6 
measured  at  a  constant  6  >  0.25  am.  TWo  linear  regression  fits  of  the  data 
are  shown,  one  the  standard  y  ■  mx  b  form,  and  the  other  a  nonstandard  y  ■ 
mx  regression.  Caution  Is  advised  in  the  use  of  this  second  form  (ref  9) , 
because  the  requirement  that  a  line  pass  through  the  origin  severely  limits 
the  general  ability  of  a  line  to  fit  data.  This  form  of  regression  Is  used 
here  as  an  Indication  of  how  closely  represents  ot^  and  not  as  a  general 
best-fit  procedure.  It  Is  clear  from  Figure  6  Chat,  as  expected  (ref  1), 

Is  a  better  measure  of  Oy  than  It  is  of  Oy.  This  Is  shown  by  the  r^ 
correlation  coefficient  from  standard  regression  and  by  the  m  value  from  Che 
y  mx  regression. 

Figure  7  shows  similar  results  to  that  of  Figure  6a,  except  that  the 
dP/dd  values  were  taken  at  a  constant  load,  P  •  3.5  kN,  rather  than  at  a 
constant  displacement.  Helther  the  r^  of  standard  regression  nor  m  of  Che  y  * 
mx  regression  shows  a  significant  difference.  Figure  8  gives  results  In  which 
Of  for  L  and  R  orientations  are  compared  with  Oy  from  the  C  orientation.  It 
Is  clear  Chat  mixing  orientations  results  In  poor  correspondence  between 
and  Oy. 


^Metals  Handbook,  Taylor  I.ynan,  Ed.,  The  American  Society  for  Metals,  19A8, 
pp.  93-l(J5. 

^N.  R.  Draper  and  H.  Smith.  Applied  Regression  Analysis.  Wiley.  New  York. 
1966,  pp.  9C-91. 
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It  is  striklag  how  cloiely  from  ball  Indentation  agrees  with 
conventionally  measured  ultimate  strength.  In  the  results  of  Figures  6a  and 
7,  In  which  ultimate  strengths  In  the  same  orientation  were  directly  compared, 
agrees  with  Oy  wlchln  about  two  percent.  Since  was  directly  calculated 
from  the  test  conditions  and  rigid  plastic  sllp^line  analysis  with  no  added 
arblitriry  factors,  the  good  agre^ent  Indicates  that  the  flat  punch 
approximation  of  a  shallow  ball  Indentation  and  the  rlgid-plastlc 
approximation  of  the  steel  properties  are  good  approximations.  Other  factors 
which  contribute  to  the  close  agreement  are  (1)  the  large  ball  size  relative 
to  surface  roughness,  and  to  micro-variations  of  material  properties,  (2)  the 
relative  Insenaltlvlcy  of  the  Indentation  process  to  friction,  as  shown  by  the 
finite-element  model,  and  (3)  the  relatively  limited  range  of  material 
properties  which  was  Investigated. 

CONCLUSIONS 

The  Indentation  method  described  here.  Including  the  key  factors  of  fixed 
ratio  of  Indentation  depth  to  ball  size,  accurate  dP/d5  measurements,  large 
ball  size,  and  narrow  range  of  material  properties,  gives  an  accurate  measure 
of  ultimate  strength  of  the  high  strength  steels  investigated.  The  method, 
when  based  directly  on  rlgid-plastlc  analysis,  gave  results  within  two  percent 
of  Che  conventionally  measured  ultimate  strength.  The  Indentation  method  will 
provide  a  quick,  seml-nondestrucclve  measurement  of  ultimate  strength  for  a 
range  of  high  strength  steels. 

Caution  Is  advised  In  the  use  of  the  method  for  other  materials  and  with 
different  test  conditions.  Materials  with  higher  strain-hardening  compared 


with  Chat  of  Che  steels  here,  will  behave  auch  dlfferentljr*  Test  conditions 
basic  to  the  laathod,  such  as  Indentation  depth  relative  to  ball  slse,  must  be 
carefully  controlled. 
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Figure  2.  Plots  of  indentation  load,  P,  versus  change  in  spacing  between 
ball  support  and  specinen,  6*p;  D  =  6.3S  mm. 


/A^DENTAT/ON 

TEST 


Figure  3c  Orientations  of  conventional  tension  tests  and  Indentation  tests. 


FlguT«  4.  Id«al  ind«otatl(m  gconctry. 
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Figure  5. 


0.025  O.OSO  0.07S  0.0/0  O.^ 

/2/^O/AL  POS/r/OA/  ;  >r/D 

Ball  contact  stress  versus  radial  position  from 
finite  element  model;  contact  area  of  diameter,  d; 
D  ■  6.35  mm;  d/D  ■  0.25;  specimen  Rl. 


Srj^CNSrH  F/^OM  /A/^A/r/tr/OA/ ,  02  ,  A^Pa  ,  c  OPfENrATiON 


io.) 

I4cx\- 


ULTJMATe  SrP£Aj(Sr/¥,  CTu  ,  ^POL  ,  C  ORfENTAT/ON 


Figure  6a.  Compariaon  of  strength  calculated  from  indentation, 
to  strength  measured  in  tension  tests;  C  orientation; 
at  6  ■  0.25  mm;  Oi  versus  Oy. 
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Srfi£A/GTN  rPQM  WDiAfTATtOPt  Oj.  ,  AfPa.,  C  OPtlPTAT/ON 


Y/ELD  STPENGTH ,  (Ty  ,  A^Pa  ,  C  OP/EA/TPT/OA/ 


Figure  6b.  Comparison  of  strength  calculated  from  indentation,  a^, 
to  strength  measured  in  tension  tests;  C  orientation; 
at  6  •  0.25  mm;  versus  Oy. 
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ULT/MATE:  Sr/^£NQTH,  (Ta  ,  A^Pa  t  C  OP/£^TAT/ON 


Flgura  7 


Comparison  of  strangth  calculaCad  from  Indantatlon,  to  ultimata 
atreogth  actaaured  In  tanslla  taata;  C  orlantatlon;  at  P  >  3.5  kM. 


ULr/fiiAr£  STRENGTH ,  (Tu,  i  MPa  ,  C  OR/ENTAT/ON 

ri»ur.  8..  of  .trM,th  c.lcul.t«l  fr«  o.,  to  ultlut. 

'*  ‘S  '“Ofoii  tooto!  ot  8  .  0.25  mt;  L^orlont.tlon 
indentation  varaus  C  orientation  tensile. 


ULr/MAT£  STRENGTH,  (Tu  ,  MPa  ,  C  OR/EN7AT/ON 


Flgura  8b.  Comparlaon  of  scrangth  calculacad  fron  ladantatlon, 
atrangch  oiaaaurad  in  tension  testa;  at  8  ■  0.25  nm; 
indentation  versus  C  orientation  tensile. 
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